Purpose Undesirable side effects of cancer treatments are common and include damage to the ovary, and depletion of the follicle reserve, which if severe enough, can lead to infertility and early menopause. Antimetabolite drugs, such as 5-fluorouracil (5-FU), are not considered to be detrimental to the ovary, but the ovotoxicity of 5-FU has not been evaluated in any detail. The purpose of this study was to evaluate the effects of 5-FU on follicle number. Methods In this study, adult female C57Bl6 mice (n = 4-6 animals/group) received a single dose of saline or 5-FU (150 mg/kg) and markers of ovarian damage and follicle depletion were assessed 12 h and 7 days later. Results Exposure to 5-FU did not alter primordial and primary follicle numbers. Atresia of secondary and antral follicles was increased significantly 12 h after 5-FU treatment, but atresia rates returned to levels similar to that of saline treated controls at 7 days. The number of corpora lutea were reduced 7 days after exposure to 5-FU, possibly as a consequence of earlier follicular atresia. Conclusions These findings suggest that a single dose of 5-FU is mildly ovotoxic, but any effects on ovarian function are likely transient because the primordial follicle population is not depleted. Collectively, these data support the notion that 5-FU is unlikely to impact on the long-term fertility of women.
Background
The ideal chemotherapy is one that specifically prevents the growth of the cancer, whilst maintaining the integrity of nontarget tissues. However, undesirable side effects of cancer treatments are common and include damage to the ovary and depletion of the follicle reserve, which if severe enough, can lead to infertility and early menopause [1] . In recent years, much attention has focussed on defining the ovotoxicity and reproductive outcomes associated with exposure to chemotherapy agents belonging to the alkylating, platinum and anthracycline antibiotic classes. It has been demonstrated that these drugs, including cyclophosphamide, cisplatin and doxorubicin, damage the ovary to varying degrees and are associated with poor reproductive outcomes [2] . By contrast, the antimetabolite class of chemotherapy drugs are thought to have little impact on female fertility [3] [4] [5] , but detailed studies of ovotoxicity of individual antimetabolite drugs have not been conducted and empirical evidence to support this assertion is limited.
5-Fluorouracil (5-FU) is an antimetabolite drug used to treat of variety of cancers, including breast cancer, and is most notable for its effective treatment of colorectal cancers. Colorectal cancer is amongst the most common malignancies in the western world, and epidemiological data indicate that its incidence is increasing in women of childbearing and premenopausal age [6] [7] [8] . Given that the survival rates of patients diagnosed at early stages of the disease are high [8] , the effects of the anticancer treatments used to treat colorectal cancers on fertility should be considered.
5-FU is a cell-cycle specific fluorinated uracil analogue that predominantly interferes with DNA and RNA synthesis during the S phase of the cell cycle through a cascade of metabolic processes [9] . The 5-FU metabolite, fluorodeoxyuridine monophosphate (FdUMP), inhibits thymidylate synthase activity which endogenously catalyses local deoxyuridine monophosphate (dUMP) to deoxythymidine monophosphate (dTMP), providing a source of thymidine necessary for DNA replication. When FdUMP binds to thymidylate synthase, it blocks dUMP from accessing the enzyme, disrupting DNA replication as a consequence [9] . This interaction can destabilise the structure of the DNA, inhibit the efficiency of base excision repair mechanisms and eventually lead to double-strand DNA breaks in affected cells, which may subsequently undergo apoptosis [9] .
The precise impact of 5-FU on the ovary in the clinical setting is unclear because patients frequently receive 5-FU as part of multidrug regimens, such as 5-FU/leucovorin/ oxaliplatin (FOLFOX) and cyclophosphamide/methotrexate/ 5-FU (CMF) [10] [11] [12] . The effects of 5-FU on reproductive outcomes are believed to be negligible when used in combination with alkylators or platinum derivatives [1, 3, 11, [13] [14] [15] [16] . However, because alkylators can result in an incidence of ovarian failure as high as 70%, it is possible that any adverse effects of 5-FU are obscured. Cercek et al. (2013) performed a retrospective study to evaluate the incidence of FOLFOX-induced amenorrhea in women aged 50 and younger and reported that 41% of patients experienced amenorrhea during treatment and 16% of these women had persistent amenorrhea 1 year after treatment [13] . However, this effect may have been due to the inclusion of oxaliplatin, a platinum derivative, in the treatment regimen, rather than 5-FU [5] . In terms of single-drug studies, a very small study conducted by Koyama and colleagues reported that menses was unaffected in all 10 patients treated with 5-FU alone [15] , though lack of amenorrhea does not preclude the possibility of ovarian damage. Experimental evidence that 5-FU treatment might pose a risk to fertility independently of other treatments is limited. Exposure of rats to a single 200-mg/kg dose of 5-FU during estrus (but not other cycle stages) reduced pregnancy rates compared to saline treated controls [17] , and mice receiving two 150-mg/kg doses of 5-FU (with a 5-day interval) had reduced pregnancy rates and increased resorption rate compared to controls [18] , but ovarian damage was not investigated in these studies.
Because it is not possible to directly assess the impact of treatments on the ovarian follicular number in women in situ, surrogates such as amenorrhea and AMH levels are used to indirectly indicate the presence of absence of ovarian damage [19] . Importantly, these measures are unlikely to detect partial depletion of the primordial follicle pool, which has the potential to reduce the fertile life span. Therefore, this study aimed to characterise the impact of a single dose 5-FU on the ovaries of mice over time. Specifically, changes to the number of healthy and atretic follicles were examined 12 h and 7 days after treatment, and the level and presence of apoptosis in various follicular cell types were evaluated. Based on our understanding of the mode of action of antimetabolite drugs and follicle development, we hypothesised that 5-FU would damage granulosa cells of the growing follicle population and induce atresia, whilst oocytes and non-growing follicles would be unaffected.
Methods

Mice
Healthy female C57BL/6 mice, 6-8 weeks of age, were obtained from Monash University Animal Research Platform. The mice were kept in a high barrier facility that was temperature controlled and on a 12-h light versus 12-h dark cycle. All animals were allowed free access to water and mouse chow. Mice were monitored daily for appearance including coast condition, body condition, body posture and movement. The procedures and experiments undertaken were in line with the NHMRC Australian Code of Practice for the Care and Use of Animals and approved by the Monash Animal Ethics Committee.
Mice were weighed and injected intraperitoneally with a single dose of 150 mg/kg of 5-FU (Sigma-Aldrich F6627) (equivalent to 450 mg/m 2 ) [20] dissolved in saline in a volume of 0.1 mL per 10 g mouse weight. This dose of 5-FU is within the range of that given to humans [21] . This dose is also known to suppress tumour growth in mouse models and has been used as a conditioning strategy for bone marrow engraftment studies [22, 23] . Higher doses may result in lethality [17] . Control mice received saline solution in a volume of 0.1 mL per 10-g mouse weight administered intraperitoneally. Control and 5-FU-treated mice were then randomised for treatment and euthanasia at 12 h and 7 days post-injection via cervical dislocation (n = 4-6 mice for each group).
One ovary from each mouse was fixed in Bouin's solutions and processed into glycol-methacrylate resin. These ovaries were then serially sectioned at 20 μm, keeping every third section, and stained with period acid Schiff (PAS) and counterstained with haemotoxylin for stereological assessment. The contralateral ovary was fixed in formalin, embedded in paraffin wax and serially sectioned at 5 μm for immunofluorescence staining and TUNEL.
Quantitation of primordial and primary follicles
Stereology was used to estimate the total number of primordial and primary follicles as described [24] [25] [26] . Stereology is the gold-standard method for the unbiased and accurate quantification of cells in tissue sections [25] . Follicles were identified according to Myers et al. [27] . Briefly, primordial follicles were classified as an oocyte incompletely surrounded by squamous granulosa cells. Primary follicle oocytes were larger and completely surrounded by a single layer of cuboidal granulosa cells and a single layer of theca cells. Follicles were counted using an Olympus microscope (Olympus BX50) with a motorised stage, employing a ×100 oil immersion magnification (Immersion Oil Type-F, Olympus, IMMOIL-F30CC), equipped with the Stereo Investigator stereological system and Stereo Investigator 11 software. In short, a sampling grid, consisting of counting frames containing inclusion and exclusion boundaries, was superimposed over each section. Oocytes with visible nuclei lying on the inclusion boundary or located within the counting frame were counted. The total number of follicles within an ovary was then estimated using the following equation: N = Q•(1/f1)•(1/f2)•(1/f3). N is the total primordial and primary follicle number in an ovary and Q is the sum of the raw follicle count for each section of a single ovary. F1 is the section number, in this case every third section used from a random start; thus, f1 = 3/1. F2 considers the area of the counting frame and the area it covers when shifted from each square (X axis × Y axis) or the Bstepperd istance. In this experiment, the counting frame area was 2256 μm 2 and stepper distance was 10,000; thus, f2 = 10,000/2256. F3 is the thickness of the section. To avoid cutting artefacts, 3 μm from the top of the section is omitted and used as a guard area, whilst the next 10 μm of the section is optically sectioned for stereology; thus, f3 = 10/20. Any oocyte nuclei that came into focus between 3 and 13 μm and were along the inclusion boundary or within the counting frame were counted.
Assessment of growing follicles, atretic follicles and corpora lutea
Every ninth 20-μm thick section was used to estimate the total number of growing follicles (secondary and antral stage) in each ovary using a light microscope employing a ×10 magnification as described [24, 26] . Follicles were counted if an oocyte nucleus was clearly visible. Atretic follicles were classified as secondary or antral follicles with 10% or more apoptotic granulosa cells (evident due to their pyknotic nuclei). Estimation of total growing follicle number and total atretic follicle number within each ovary was calculated using the following equation to correct for sections not counted: N = Q•9, where N is the total follicle number in an ovary, Q is the sum of the raw follicle count for each section of a single ovary and 9 represents every ninth section sampled. Due to the size of corpora lutea, quantification was undertaken by obtaining images of every third section using a light microscope. Images were carefully analysed by eye to avoid double counting, and raw counts were used for analysis.
Determination of ovarian volume
To estimate the total ovarian volume, the Cavalieri estimator was employed using Stereo Investigator 11 software on an Olympus microscope with a ×10 magnification [28, 29] . Every sixth section was analysed. A series of evenly spaced points was placed over each section; any points that lie on the section were counted. An estimation of the final ovarian volume was then undertaken using the following equation:
Pi, where the area associated with each sampling point (grid spacing × block) is a(p), d is the distance between each consecutive section and (tΣPi) is the sum of each point lying on each consecutive section (Pi = P 1 , P 2 , P 3 …) and multiplied by section thickness t.
Immunofluorescence
Briefly, formalin-fixed, paraffin-embedded ovarian sections were dewaxed and antigens were retrieved using a heat treatment in sodium citrate buffer (pH 6). 
Quantification of immunofluorescent follicles
TUNEL and cleaved caspase-3 immunofluorescent labelling was analysed in five sections per ovary for both control and treatment groups at 12 h (n = 3 animals/group). Sections were taken from the largest cross section and the sections on either side, separated by more than 70 μm to avoid analysing the same follicle twice. For each ovary analysed, total follicle number in each class was determined; then, the number of follicles positive for TUNEL or cleaved caspase-3 were counted and the ratio determined. Primordial and primary follicles were counted if they had a clearly visible oocyte nucleus. Secondary and antral follicles were counted if the oocyte was visible. Follicles were defined as TUNEL and cleaved caspase-3 positive if 10% of granulosa cells were positive for both or either antibody.
Statistical analysis
Statistical analysis of both stereological and immunofluorescence data between control and treated groups at each time point were assessed using a Student's t test analysis. To test statistical significance across time points, a one-way analysis of variance (ANOVA) was used followed by Tukey's post hoc test. Significance was determined if p < 0.05. All statistical analysis was undertaken using GraphPad Prism version 6, GraphPad Software, La Jolla, CA, USA. Data are expressed as mean ± standard error of the mean (SEM).
Results
5-FU exposure does not deplete the ovarian reserve of primordial follicles
Ovaries were collected from adult female mice 12 h and 7 days after a single dose of saline or 5-FU (150 mg/kg) and follicles were enumerated (Fig. 1a-d) . The number of healthy primordial and primary follicles were similar in ovaries from saline and 5-FU treated mice at both times points (Fig. 1a, b) . The number of healthy secondary and antral follicles were also similar between saline and 5-FU treatment groups at each time point (Fig. 1c) . Additionally, when total healthy follicle numbers were calculated (all follicle classes combined), there was no significant differences between saline and 5-FU-treated animals (Fig. 1d) .
5-FU exposure increases secondary and antral follicle atresia
Primordial and primary follicles are comprised of small non-growing or very slowing growing oocytes and granulosa cells with a very low mitotic index. At these early stages of development, follicles rarely show morphological signs of cellular apoptosis or follicular atresia [30] . Consistent with this characteristic, primordial and primary follicles appeared morphologically normal in all ovaries from saline and 5-FU treated at 12 h and 7 days post-treatment, with no differences observed (Fig. 1a) . In contrast, secondary and antral follicles contain rapidly growing oocytes and highly proliferative granulosa cells. Atresia of growing follicles within the ovary is a normal physiological event, and consequently, atretic secondary and antral follicles were detected in all tissues analysed (Fig. 2a-e) . However, treatment with 5-FU was associated with a significant increase in the number and proportion of morphologically atretic secondary and antral follicles observed at 12 h compared to timematched, saline-treated controls (Fig. 2a-c) . Follicular atresia was confirmed by TUNEL and cleaved caspase-3 staining at 12 h post-treatment, with a greater proportion of follicles with granulosa cells staining positively for this maker of apoptosis in 5-FU than saline-treated animals (Fig. 2d, e) . This effect of 5-FU on follicular atresia was transient, with no treatment-related differences in the number or proportion of atretic secondary and antral follicles observed at 7 days (Fig. 2a, b) .
5-FU exposure reduces corpora lutea number
The number of corpora lutea were counted in order to determine if exposure to 5-FU was associated with reduced ovulation. There were no differences in the number of corpora lutea between saline and 5-FU-treated ovaries at 12 h (Fig. 3a, b) . However, at 7 days after 5-FU treatment, significantly fewer corpora lutea were observed when compared with timematched, saline-treated controls, indicating a disruption to ovulation (Fig. 3a, b) . Despite a reduction in corpora lutea number, which typically make up a large fraction of actively cycling ovaries, there were no differences in volume between saline-treated control ovaries and 5-FU-treated ovaries at 7 days (Fig. 3c ). These data also indicate an absence of shrinkage that is often associated with chemotherapy-induced ovarian damage (Fig. 3c) .
Discussion
A full understanding of the off-target effects of chemotherapy on the female reproductive system is important for girls and women of reproductive age being treated for cancer. The aim of this study was to examine the effects of 5-FU on the ovarian follicular reserve in a mouse model. We found that a single 150-mg/kg dose of 5-FU does not induce apoptosis in the oocytes or granulosa cells of primordial and primary follicles and does not result in depletion of the primordial and primary follicle reserve within in 7 days of exposure. These results are consistent with a study in mice showing that the primordial follicle population was not depleted in mice 72 h after treatment with 200 mg/kg of the antimetabolite drug gemcitabine [5] . Because 5-FU has a biological half-life of 10-20 min in mouse plasma, it is likely that if any primordial and primary follicles directly damaged by 5-FU would have died before the final 7-day time point used in our study. However, in order to confirm this assumption and rule out the possibility of delayed damage and follicle loss by 5-FU, an additional later time point (e.g. 14 days) could be evaluated in the future. Whilst we did not detect depletion in the number of healthy secondary and antral follicles, there was a significant increase . Data represented as mean ± SEM and were analysed at each time point using Student's t test (*p = 0.0163), n = in the atretic secondary and antral follicle populations 12 h after 5-FU treatment compared to controls, with atresia levels returning to normal by day 7. This finding was supported by our results showing an increase in the proportion of follicles with TUNEL and cleaved caspase-3-positive granulosa cells at the 12-h time point in treated mice compared to timematched controls. Furthermore, our data shows fewer corpora lutea in the ovaries of mice treated 7 days earlier with 5-FU treatment. This decline in corpora lutea may be the result of the increased atresia of secondary and antral follicles caused by 5-FU at the earlier time point. Collectively, our study suggests that the secondary and antral follicle populations are likely more susceptible to 5-FU apoptosis than the primordial and primary follicle populations, likely due to the increase in granulosa cell mitotic activity. Importantly, any effect of 5-FU on secondary and antral follicles is transient, likely due to the acute and relatively short-lived action of the drug.
It was surprising that the increased number of atretic secondary and follicles 12 h after 5-FU treatment was not accompanied by a concomitant depletion in the number of healthy secondary and antral follicles. The reason for this is not clear, but it could reflect complex changes in follicle dynamics (e.g. growth rates, survival/death rates and clearance times). For example, the atresia of secondary follicles caused by 5-FU treatment could have triggered rapid development of primary follicles into secondary follicles to replace those lost. Indeed, there was a slight (but nonsignificant) reduction in the mean primordial and primary follicle counts in ovaries in 5-FU-treated animals compared controls that may reflect this occurrence. Another possibility is that interanimal variability in the number of healthy secondary and antral follicles, combined with the inability to track follicle loss in situ in individual animals over time, may have obscured any depletion of healthy secondary and antral follicle numbers in treated animals. Regardless, these questions do not detract from our main finding that 5-FU does not deplete the ovarian reserve of primordial follicles and is therefore unlikely to have a long-term effect on fertility.
Whist in humans treatment protocols including 5-FU vary considerably, a typical initial intravenous bolus dose of 5-FU is between 400 and 600 mg/m 2 [21] . 5-FU is then administered repeatedly over several months. Repetitive doses of chemotherapy could cause cumulative insults to the ovaries that would not be seen in our study, and those of others, using a lower dose of 5-FU [17] . Therefore, future studies examining the effects of repeated 5-FU doses would provide additional important insight in the ability of 5-FU to damage the ovary. In addition, 5-FU is usually given in combination with other drugs, and therefore, future studies identifying the combined effects of a chemotherapy would be useful in elucidating the effects typical regimens have on the ovary.
In summary, the results obtained in this study provide novel insight into the effects of 5-FU on the ovaries in a mouse model. The primordial and primary follicle populations were not significantly affected by 5-FU. The secondary and antral follicle populations show increased atresia, likely mediated by granulosa cell apoptosis, and reduced corpora lutea number. This study suggests that 5-FU is mildly ovotoxic, but is unlikely to have significant long-term impacts on fertility because the ovarian reserve of primordial follicles remained unaffected.
